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1. Introduction
The Antarctic continent is a highly sensitive and suitable area to in-
vestigate and compare the present environmental conditions with records 
of past changes. Particularly, records of modifications in the extent and 
thickness of terrestrial and marine ice cover can be exploited as environ-
mental and climate proxies. Key areas in Antarctica are the marine dep-
ositional environments close to the continent, where sediment input is 
directly related to environmental changes in the terrestrial environment. 
Most of these areas have been affected episodically during the Cenozoic 
by tectonic and volcanic activity linked to the West Antarctic Rift System. 
It is therefore crucial to develop a reconstruction of the influence of volca-
nic activity on the paleoenvironment, landscape, and basin development.
The ANDRILL Program represents a multinational effort to inves-
tigate these themes. The aim of this research program is to recover and 
examine extended drill cores from the Antarctic coastal sedimentary 
basins, building up stratigraphic records that document key events in 
Antarctica’s Cenozoic climatic and glacial history, as well as the volca-
nic and tectonic development of this portion of the West Antarctic Rift 
System and Transantarctic Mountains (Harwood et al., 2008).
During the fourth International Polar Year (2007), ANDRILL’s 
Southern McMurdo Sound (SMS) Project successfully cored the AND-
2A hole in the Ross Sea approximately 50 km NW of Hut Point Penin-
sula on Ross Island (77°45.488'S, 165°16.605'E, Figure 1). The drilling 
operated on the surface of an 8.4 meter thick multi-year sea-ice plat-
form floating over 384 m of water. The drilling program recovered an 
excellent quality core (98% recovery) comprising marine and glacima-
rine sediments down to a depth of 1138.54 m below sea floor (mbsf ). 
This is the second deepest drill hole on the Antarctic continent and is 
exceeded only by ANDRILL’s first drill hole (AND-1B, McMurdo Ice 
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Abstract
We report results from the study of the uppermost 37 m of the Southern McMurdo Sound (SMS) AND-2A drill core, cor-
responding to the lithostratigraphic unit 1 (LSU 1), the most volcanogenic unit within the core. We present data on the age, 
composition, volcanological and depositional features of the volcanic sedimentary and tephra deposits of LSU 1 and discuss 
their source, mechanisms of emplacement and environment of deposition.
Sedimentary features and compositional data indicate shallow water sedimentation for the whole of LSU 1. Most of LSU 
1 deposits are a mixture of near primary volcanic material with minor exotic clasts derived from the Paleozoic crystalline base-
ment rocks. Among volcanic materials, glassy particles are the most abundant. They were produced by mildly explosive basaltic 
eruptions occurring in subaerial and subaqueous environments. The Dailey Islands group, 13 km south-southwest of the SMS 
drill-site, has been identified as a possible source for the volcanics on the basis of similarity in composition and age. 40Ar–39Ar la-
ser step-heating analyses on a lava sample from Juergens Island yields an age of 775 ± 22 ka. Yet because of the minimal rework-
ing features of vitriclasts, preservation of fragile structures in volcaniclastic sediments and evidence for volcanic seamounts to the 
north of the Dailey Islands, it is likely that some of the material originated also from vents close to the drill-site.
Evidence for local volcanic sources and for deposition of sediments in a shallow marine environment provides indications 
about the local paleogeography and implications for the subsidence history of the southern Victoria Land Basin from Pleisto-
cene to Recent.
Keywords: Antarctica, volcaniclastic sediments, Erebus Volcanic Province, paleoenvironment reconstruction, Victoria Land 
Basin
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Shelf Project), which reached a total depth of 1284.87 m in December, 
2006 (Florindo et al., 2008). Thus, the sedimentary archive provided by 
the ANDRILL AND-2A core represents a valuable record from which 
past climatic, tectonic and volcanological changes in the southern high 
latitudes can be reconstructed.
In this paper we report a detailed study of the uppermost lithostrati-
graphic unit (LSU 1) of the AND-2A core, corresponding to the top 
37  m. This unit consists mostly of volcaniclastic deposits and nearly 
primary tephra; it is the most volcanogenic among the 14 lithostrati-
graphic units defined (Fielding et al., 2008b; Panter et al., 2008). We 
present data on composition and volcanological and depositional fea-
tures of the sedimentary materials in order to draw conclusions regard-
ing their source, mechanisms of emplacement and environment of de-
position. In addition, with the aim of comparing volcanogenic clasts of 
LSU 1 with known volcanic deposits near the AND-2A site, we also re-
port petrographic, geochemical and 40Ar–39Ar data on one sample from 
the Dailey Islands group, located a few kilometers south–southwest of 
the SMS drill-site. The results are used to infer local paleogeography 
and tectonic development of the southern Victoria Land Basin.
2. Geological setting
The McMurdo Sound region has a rich history of rift-related alka-
line volcanism. Large volcanoes or volcanic complexes include Mounts 
Erebus, Terror and Bird, which form Ross Island, and Mount Discovery, 
Minna Bluff and Mount Morning located on the mainland (Figure 1). 
These volcanoes, and many smaller volcanic centers (e.g., Brown Penin-
sula, White and Black Islands) and volcanic fields (e.g., the foothills of 
Royal Society Range, Wright-Taylor Valleys, Dailey Islands), are part of 
the Erebus Volcanic Province (Kyle and Cole, 1974; Kyle, 1990). This 
province represents one of the largest areas of exposed Late Cenozoic 
volcanic rocks in Antarctica, with an extended Miocene to present re-
Figure 1. a) Map of McMurdo Sound area show-
ing the ANDRILL SMS and MIS drill-sites rel-
ative to exposed deposits of the Erebus Volcanic 
Province. Ages are from Kyle (1990 and refer-
ences therein), with additional dates from Wilch 
et al. (1993), Esser et al. (2004), Harpel et al. 
(2004), Tauxe et al. (2004), Cooper et al. (2007), 
Fargo et al. (2008), and Lawrence et al. (2009), 
and this study; (continued)
a.
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cord of eruptive activity. Volcanic deposits on land range in age from 
~ 19 Ma to current Strombolian-style activity issuing from a convect-
ing phonolitic lava lake located in the summit crater of the Erebus vol-
cano (Oppenheimer and Kyle, 2008). Evidence for older volcanic ac-
tivity in the area comes from drill cores (CIROS-1, MSSTS-1, Cape 
Roberts and AND-2A drillcores), which extend the volcanic history to 
26–20 Ma (Gamble et al., 1986; Barrett, 1987; McIntosh, 1998; Mc-
Intosh, 2000; Acton et al., 2008; Di Vincenzo et al., 2009). The whole 
set of 40Ar–39Ar data so far available on volcanogenic samples from the 
AND-2A core, including those from the LSU 1, are reported in a sepa-
rate paper (Di Vincenzo et al., submitted).
Compositionally, most of deposits in the Erebus Volcanic Province 
belong to the strongly silica-undersaturated basanite to phonolite al-
kaline series. There are also present in much lesser volume the moder-
ately silica-undersaturated alkali basalt to trachyte alkaline series, along 
with rare silica-oversaturated and peralkaline trachytes. This distinction 
appears to be temporally and spatially controlled, with the majority of 
moderately undersaturated and oversaturated compositions restricted to 
deposits that are 11 Ma or older, and located in the southwest corner of 
the province at Mason Spur and near the base of Mt. Morning (Kyle, 
1990). Apart from the tephriphonolite and phonolite compositions 
erupted on the flanks and summit of Mt. Erebus, most of the young 
volcanism (≤ 1 Ma) occurred in small-volume basaltic eruptions from 
clusters of cinder cones and associated lavas in many areas. One of these 
cinder cone fields is the Dailey Island group, which is located just south 
of the SMS drill-site (Figure 1).
The Dailey Islands group is the most proximal volcanism to the 
SMS site and is located in McMurdo Sound approximately 35 km west-
southwest of Hut Point and 13 km to the south–southwest of the SMS 
drillsite (Figure  1a). The group consists of five small volcanic islands 
(West Dailey, Juergens, Hatcher, Uberuaga and Kuechle) that protrude 
through the edge of the Ross Ice Shelf (Figure 1b). The islands repre-
sent heavily eroded remnants of basaltic cinder cone and lava depos-
its and have been overridden by past glaciations (Mankinen and Cox, 
1988; Denton and Marchant, 2000). Paleomagnetic studies of volca-
nic rocks from two of the Dailey Islands (Juergens and Kuechle) reveal 
normal polarities (Mankinen and Cox, 1988; Tauxe et al., 2004). Tauxe 
et al. (2004) also obtained a 40Ar–39Ar age of 0.78 ± 0.04 Ma (recalcu-
lated using an age of 28.34 Ma for the fluence monitor TCs, according 
to Renne et al., 1998) on a dyke sample from Juergens Island, which 
is consistent with eruption during the oldest portion of the Brunhes 
Chron. This places the age of the Dailey Islands within the timeframe 
relevant to the uppermost stratigraphic unit (LSU 1) of the SMS core 
treated herein.
All of the volcanic deposits in the Erebus Volcanic Province are located 
in and around the southern portion of the Victoria Land Basin, one of four 
major rift-related basins within the Ross Sea. Extension and rifting began 
during the Late Mesozoic and further developed through the Cenozoic 
to the early Neogene, when a change to transtension and strike-slip fault-
ing in the southern portion of the Victoria Land Basin formed the Terror 
Rift (Wilson, 1995, 1999). Evidence for neotectonic normal-fault to strike-
slip fault regime within the Terror Rift is presented by Paulsen and Wilson 
(2009). The cause of the volcanism here and for the rest of the West Antarc-
tic rift is still under discussion (Finn et al., 2005). Plume-driven rifting and 
volcanism has been proposed (Behrendt et al., 1991; Kyle et al., 1992), and 
more recently, alternative explanations promote decompression melting of 
enriched metasomatized continental lithosphere by intraplate stresses (Roc-
chi et al., 2002, 2003, 2005), and/or by contact with warm Pacific mantle 
(Finn et al., 2005). In this context, the ANDRILL project also contributes 
to the knowledge of possible feedback mechanisms between volcanism, tec-
tonism and climate.
3. Materials and methods
On the basis of significant lithological changes observed downcore, 
the sediments of AND-2A core were subdivided into 14 lithostrati-
b.
Figure 1. (continued) b) Detail of a) 
showing the SMS drill-site relative to 
Dailey Islands. Seafloor bathymetry and 
locations of grab/core stations 23 and 
24 are taken from Barrett et al. (1983). 
Triangles mark the locations of shallow 
soundings that Barrett et al. (1983) 
interpreted as five submarine volcanic 
cones. The top of each peak lies at water 
depths between 100 and 200 mbsl. The 
star on Juergens Island marks the loca-
tion of the sample collected for petrogra-
phy, geochemistry and dating.
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graphic units (LSUs) with emphasis on diamictite and associated li-
thologies, relative to other terrigenous clastic and volcanogenic lithol-
ogies (Fielding et al., 2008b). LSU 1 is the uppermost unit from 0.0 to 
37.07 mbsf (depths are recorded as meters below sea floor and relate to 
the depths recorded while drilling) and comprises a succession of mixed 
volcanic rocks ranging from near primary tephra to reworked volcanic 
sand to diamicton and breccia (Figure 2). The poor recovery (~ 60%) 
of this unit relative to the rest of the core is due to the weak induration 
of some coarse deposits and its position at the top of the core. Some 
intervals were recovered in composite bags (bagged samples), in which 
Figure 2. Lithostratigraphic section of LSU 1.
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case the stratigraphic relationships are not recognizable. Diagenesis oc-
curred in fine-grained layers or breccia deposits with fine-grained matri-
ces. Nevertheless, deposits in LSU 1 show a wide range of features, pro-
viding significant information about volcanism and paleoenvironment 
during the middle to late Neogene period in the McMurdo Sound area.
Deposits have been described and sampled (Table 1) in order to de-
termine their sedimentologic and volcanological characteristics and 
petrochemical composition by means of analytical and componentry 
analyses. Sand samples were cleaned in an ultrasonic bath to remove im-
purities and dried at 60 °C. Preliminary observations under stereomicro-
scope were done to qualitatively evaluate the different components and 
select samples for microprobe analysis. Polished thin sections were pre-
pared for petrographic, microanalytical and component study.
Component abundance and morphology of particles, and variations 
in their relative proportion, all furnish useful information on their or-
igin and sedimentation processes. Modal analysis was carried out on 9 
sands and 2 sandstones from LSU 1 according to the Gazzi-Dickinson 
technique (Gazzi, 1966; Dickinson, 1970; Table 2 and Figure 3 & Fig-
ure 4), with the aim of quantitatively characterizing the compositional 
variability of the detritus recovered from LSU 1. Sands were impreg-
nated with Epofix resin and prepared as standard thin sections. In or-
der to allow the comparison between loose (a few partly lithified) sands 
and sandstones, in each thin section 500 grains were counted using op-
tical microscopy, and the point counts were recalculated to percentages.
Morphological analyses of grains were performed using stereomicro-
scope and SEM-EDS at the Dipartimento di Scienze della Terra, Uni-
versità di Pisa. Mineral analyses were carried out on carbon coated thin 
sections, using a Philips XL30 SEM equipped with an EDAX DX4i mi-
croanalytical system (20 kV accelerating potential, 10 nA beam current, 
0.5 μm beam diameter).
Whole-rock major element composition was determined for fused 
12 lava samples (Table 3) using a X-Ray Fluorescence (XRF, ARL 9400 
XP spectrometer) at the Dipartimento di Scienze della Terra, Univer-
sità di Pisa, following the procedure of Tamponi et al. (2003). Loss on 
Ignition (LOI) was determined gravimetrically on preheated powders 
(110 °C) after 1 h ignition at 1000 °C in a microwave furnace.
Glassy fragments (Table 4), minerals and alteration phases were an-
alyzed for major elements on polished thin sections at the HPHT Lab-
oratory of Istituto Nazionale di Geofisica e Vulcanologia (Sezione di 
Roma) using a JEOL JXA 8200 equipped with 5 wavelength-disper-
sive spectrometers (WDS) and an energy-dispersive analyzer (accelerat-
ing voltage 15 kV, beam current 12 nA, probe diameter 5 μm, acquisi-
tion time 10 s and 5 s for peak and background respectively).
Sample preparation and 40Ar–39Ar laser step-heating analyses were 
carried out at the IGG-CNR laboratory and followed the procedures 
described in Di Vincenzo and Skála (2009) and Di Vincenzo et al. (sub-
mitted). A comparison sample from the Dailey Islands was irradiated 
for 2 h in the core of the TRIGA reactor at the Università di Pavia (It-
aly) along with the fluence monitor Fish Canyon sanidine (FCs). Data 
corrected for post-irradiation decay, mass discrimination effects, iso-
topes derived from interference reactions and blanks are listed in Ta-
ble  5. Ages are relative to an age of 28.03  Ma for FCs (Jourdan and 
Renne, 2007), and errors are given at 2σ. Errors on step ages are analyt-
ical errors, including in-run statistics and uncertainties in the discrimi-
nation factor, interference corrections and procedural blanks. Errors on 
total gas and error-weighted mean ages also include uncertainties in the 
J value (internal errors). Ar ages were calculated using the IUGS recom-
mended constants (Steiger and Jäger, 1977).
4. Results
4.1. Description of LSU 1 lithostratigraphy
We report here detailed lithostratigraphic descriptions of the three 
subunits of LSU 1 (Fielding et al., 2008b). In Figure 2 the stratigraphic 
section is shown. Brief interpretive summaries of paleoenvironmental 
conditions and modes of deposition for the sediments are given in this 
section followed by more thorough discussions in Section 5.
4.1.1. Lithostratigraphic unit 1.1 (0–10.22 mbsf )
Rocks recovered in the interval 0–9.02 mbsf are loose clasts (bagged 
samples) 2 to 9 cm in size. Among these, sample AND-2A 8.88a is a fresh 
subangular glomeroporphyritic lava clast of phonolite composition (Fig-
ure 5). It contains cm-sized anhedral anorthoclase phenocrysts (often 
with large glass inclusions), subhedral medium-grained phenocrysts of 
zoned clinopyroxene with pale-green augitic cores (Wo46–Fs17) and pur-
ple brown rims and minor olivine (Fo52) set in an almost opaque glassy 
vesicular groundmass. Flattened vesicles and elongate phenocrysts define 
a flow texture. Another subangular lava clast, sample AND-2A 8.88b, is 
very similar in texture and mineral assemblage to sample AND-2A 8.88a 
but is trachytic in composition (Figure 5). Other clasts consist of scoria-
ceous basaltic lava with ~ 50% spherical vesicles and euhedral phenocrysts 
of clinopyroxene and elongate plagioclase (AND-2A 8.88c), and a clast 
of laminated hyaloclastite made up of very fine-grained light-brown fresh 
glass shards, angular sideromelane fragments with variable microlite com-
positions, sparse monomineralic clasts of euhedral olivine (≤  500  μm), 
and minor opaque fragments (AND-2A 8.88d).
The interval between 9.02 and 9.86 mbsf comprises continuous core 
of laminated and ripple asymmetric cross-laminated volcanic sands that 
Table 1. Description of LSU1 samples studied in this work. 
LSU 1 Top Bottom Lithology
1.1 8.88 9.02 Phonolitye, trachyte, tholeiitic basalt and hyaloclas-
tite clasts
1.1 9.34 9.36 Olive-yellow laminated volcanic sand
1.1 9.40 9.43 in part trough cross-laminated
1.1 9.61 9.63 
1.1 10.07 10.09 Brown coarse volcanic gravel and sand
1.2 10.22 10.44 Basaltic lava clast
1.2 10.79 10.81 Basaltic lava clast in volcanic breccia
1.2 11.36 11.38 Black volcanic breccia
1.2 11.94 11.96 Basaltic lava clast in breccia showing reddish rind
1.2 12.23 12.41 Hawaiitic lava clast
1.2 18.03 18.25 Basanitic lava clast
1.2 18.63 18.73 Tephritic lava clast
1.2 18.69 18.73 Basanitic lava clast
1.3 22.11 22.14 Sandy siltstone with sideromelane, tachylite and mi-
nor lava clasts
1.3 22.60 22.64 Black fine-grained volcanic breccia
1.3 22.80 22.84 Hyaloclastite in contact with a volcaniclastic 
sandstone
1.3 23.20 23.23 Reddish medium sand including portions of a ce-
mented sandstone
1.3 23.62 23.65 Black medium- to coarse-grained sand
1.3 24.98 25.01 Grayish fine- to medium-grained sand
1.3 25.54 25.57 Reddish fine-grained laminated sand
1.3 25.81 25.84 Reddish medium-grained sand and subrounded 
glassy granules
1.3 25.95 25.98 Grayish laminated medium-grained sand
1.3 26.33 26.36 Olive-gray volcanic sandy breccia
1.3 27.19 27.23 Greenish fine-grained laminated volcanic sandstone
1.3 27.39 27.45 Basanite lava clast in volcanic sandy breccia
1.3 27.65 27.68 Tan sandstone with black scoria lapilli
1.3 28.21 28.24 Black-greenish laminated fine hyaloclastite sandstone
1.3 28.55 28.59 Reddish medium-grained volcanic sand
1.3 29.95 29.98 Volcanic sandy breccia
1.3 30.42 30.45 Dark gray medium-grained volcanic sand
1.3 30.91 30.95 Black medium-grained volcanic sand
1.3 35.02 35.05 Rippled volcanic sandstone
1.3 36.32 36.35 Crossed-laminated volcanic siltstone
1.3 36.62 36.65 Black medium-grained volcanic sand
1.3 37.07 37.10 Greenish-brown laminated sand
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are partly lithified (Figure 6). This interval is characterized by finer and 
more rounded fragments at the top. Component analyses of 2 samples 
(AND-2A 9.34 and 9.61) show that the overall composition is similar 
within the deposit and heterolithic (Figure 4). The main component are 
fresh, vesicular sideromelane clasts and minor angular to subangular glass 
shards and altered sideromelane, light-brown in color. The latter contains 
a variable amount of microlites and 10–50 micron-sized, round vesicles 
filled by clay (Figure 7a). Monomineralic felsic grains and holocrystalline 
lava clasts are also present, as well as rare ooliths (Figure 8a–d). The term 
oolith is used here to indicate a small rounded grain of sedimentary origin 
consisting of a concentrically layered coating around a nucleus, according 
to the definition of the AGI Glossary of Geology (Neuendorf et al., 2005; 
Flügel, 2004). The coating material is made of an aggregate of cryptocrys-
tals (on average a few μm in size), and it is characterized optically by vari-
able second-order birefringence colors. The largest crystals of the coating 
commonly exhibit an elongate shape. The long axes of these crystals are 
generally aligned to the surface of the nucleus, defining a tangential pat-
tern in the coating. A silicatic (non-carbonate) composition for the coat-
ing is inferred on the basis of optical features and shape. The contact be-
tween core fragments (angular quartz, sideromelane, tachylite or lava) and 
their coatings is sharp (Figure 8).
The succession continues downward with full core recovery into a 
brown volcaniclastic gravel and sand layer showing a pebble-rich hori-
zon at the contact with the overlying sands (interval 9.86–10.15 mbsf ). 
These clasts are well-rounded and mainly composed of basaltic lava. 
Component analyses of the sandy fraction indicates a major contribu-
tion of fresh light-brown sideromelane grains often with olivine (Fo83) 
and subordinate pyroxene crystals (occurring also as loose crystals up 
to 1 mm) and glass shards (Figure 4, sample AND-2A 10.07). Euhe-
dral olivine is also found in altered sideromelane clasts that, along with 
tachylite clasts, constitute a significant fraction of the sand. Minor com-
ponents are quartz and plagioclase found in granular holocrystalline 
rock fragments as well as rare monocrystalline perthitic K-feldspar up to 
500 μm in size. This coarse-grained deposit presents features similar to 
those of the previous layer (9.02–9.86 mbsf ), indicating an analogous 
process of sedimentation.
4.1.2. Lithostratigraphic unit 1.2 (10.22–20.57 mbsf )
Neither the upper nor the lower contact of LSU 1.2 is preserved due 
to poor recovery. In the continuous core of interval 10.22–10.44 mbsf, 
sub-rounded cm-sized basanite clasts were recovered. One of these, sam-
ple AND-2A 10.22 is a variably vesicular (5–20%) basanite lava clast 
characterized by a phenocryst assemblage of euhedral skeletal olivine up 
to 4 mm in length and minor clinopyroxene in a brown glassy ground-
mass with microlites of clinopyroxene, plagioclase and oxides. Vesi-
cles are irregular in shape and the groundmass consists of patches and 
streaks of a black to almost opaque glass. This sample has been dated by 
the 40Ar–39Ar method with an age of 662 ± 42 ka (± 2σ internal error; 
Di Vincenzo et al., submitted).
The interval between 10.44 and 12.23 mbsf is a continuous core of a 
black volcanic monomictic clast-supported breccia composed of poorly 
sorted, highly angular to sub-angular cm-sized variably vesicular clasts 
and glassy micro-vesicular fragments (Figure 9), both containing pheno-
crysts of compositionally homogeneous euhedral to skeletal olivine (Fo83–
86, AND-2A 11.36). The lava clasts within the breccias are basanite in 
composition (Figure 5) and some of them show reddened, oxidized mar-
gins. This deposit also contains some lava clasts with different mineralogy 
and texture. For example, sample AND-2A 10.79 is a black, strongly ve-
sicular basanite lava with an abundance of subspherical 1–2 mm vesicles 
(~ 50% by volume) filled by secondary calcite. This sample also contains 
euhedral mm-sized phenocrysts of olivine (Fo86) and microphenocrysts of 
clinopyroxene (Wo48–Fs40), the latter also occurring as microlites in the 
groundmass. Another clast, AND-2A 11.94, contains abundant clino-
pyroxene phenocrysts and minor olivine microphenocrysts in a glassy 
groundmass with microlites of clinopyroxene and olivine as well as pla-
gioclase and magnetite.
The lower portion of LSU 1.2, between 12.23 and 20.57 mbsf, is 
in bagged samples composed of subrounded variably vesicular basaltic 
lava clasts. Sample AND-2A 12.23 is a glomeroporphyritic vesicular ha-
waiite lava clast (Figure 5) characterized by phenocrysts of zoned clino-
pyroxene (pale-green core to purple brown rim) and minor olivine in a 
glassy groundmass that includes microlites of plagioclase, clinopyroxene 
and magnetite. The mm-sized subspherical vesicles are partially filled 
with secondary calcite. The hawaiite lava clast sample AND-2A 18.03 
contains spherical vesicles and phenocrysts of zoned clinopyroxene and 
minor altered olivine in a glassy groundmass that includes microlites of 
clinopyroxene, plagioclase and oxides. Sample AND-2A 18.63 is a ve-
sicular (20%) tephrite containing euhedral phenocrysts of zoned clino-
pyroxene, minor olivine and rare plagioclase microphenocrysts in a 
hypocrystalline groundmass made of a light brown interstitial glass with 
microlites of clinopyroxene, plagioclase and magnetite. Finally, sample 
AND-2A 18.69 presents clinopyroxene as phenocrysts and minor bowl-
ingitic olivine and it is compositionally similar to the previous sample.
The nearly 2 meter thick interval of volcanic breccias near the top 
of LSU 1.2 is interpreted to represent a minimally reworked autoclas-
tic breccias similar to what is formed by autobrecciation of a subaeri-
ally erupted lava (McPhie et al., 1993). Some lava blocks mainly at the 
base of the breccia show reddish scoriaceous edges, which typically in-
dicate subaerial eruption and deposition. No genetic association be-
tween the breccia and underlying bagged lava clasts is implied, given 
the differences in their petrographic features and chemical compositions 
(Figure 5).
4.1.3. Lithostratigraphic Unit 1.3 (20.57– 37.07 mbsf )
Only bagged samples were recovered from the top of LSU 1.3 
(20.57–21.96 mbsf ) and they consist of fragments of black vesicular ba-
salts and volcanic sandstone to claystone.
Continuous core recovery starts below 21.96  mbsf with a volcanic, 
yellowish, pebble-rich sandy siltstone containing subrounded muddy in-
traclasts and volcanic granules represented by both fresh and altered sid-
eromelane, tachylite and minor lava clasts. Fragments of poly- and mono-
crystalline quartz, plagioclase and minor amphibole are also present 
(sample AND-2A 22.11). A weak stratification in the sandy siltstone is 
defined locally by clast concentrations and alignments.
The interval 22.44–22.76 mbsf is characterized by a volcanic breccia 
with a variable amount of sandy-muddy matrix. The intermediate part 
is enriched in sideromelane granules and minor black vesicular lava with 
euhedral plagioclase, clinopyroxene and olivine phenocrysts (AND-2A 
22.60). The basal contact is irregular, apparently as a result of soft-sedi-
ment loading.
The succession continues downward into a 10 cm-thick volcaniclas-
tic layer consisting exclusively of Y-shaped and angular 10–100 μm glass 
shards with subordinate clinopyroxene microlites (Figure 7b). This vi-
troclastic deposit is interlayered with a ~5 cm-thick moderately sorted 
fine- to medium-grained sandstone (AND-2A 22.81) composed of sub-
rounded to angular sideromelane and tachylite clasts and broken crystal 
fragments in a siliciclastic matrix (~15%; Figure 4). The upper contact 
of this sandstone is represented by a ~30° dipping dark layer of irregular 
thickness (up to 2 mm thick) including both tiny angular glass shards 
from the vitroclastic deposit and medium sand-sized clasts (mostly sid-
eromelane) in a dark interstitial cement of homogeneous siderite com-
position as indicated by microprobe data (Figure 7b). The glassy frag-
ments of the sandstone are dominated by light brown sideromelane 
with a variable amount of vesicles and microlites, and subordinate col-
orless glassy fragments and dark-brown sideromelane. Altered sid-
eromelane, tachylite, lava clasts and minor ooliths follow in order of 
abundance. Grains of quartz and plagioclase occur in addition to the 
lithic volcanic components.
A 10  cm-thick mudstone with dispersed black volcanic gran-
ules passes downward into a normally graded volcanic sandstone bed 
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(23.04–23.70 mbsf ), which grades from red medium sand at the top 
to brownish black and coarse sand at the base. Altered and fresh sider-
omelane dominates among the volcanic components (sample AND-2A 
23.20), followed by lava and tachylite clasts. Grains of monocrystalline 
quartz and plagioclase, as well as of pyroxene and subordinate am-
phibole, represent the other significant components in this rock (Fig-
ure 7c). Rare chert and rounded mudstone fragments also occur. The 
medium sand contains up to 1 cm-wide zones of red cemented sand-
stone, which presents the same subangular to subrounded clasts found 
in the sand (Figure  4). The cement is amorphous according to XRD 
data. Optical microscopy and SEM-EDS analyses reveal a two-stage ce-
mentation process (Figure 10). First, lobate pore lining domains com-
posed of a mixture of FeO (up to 70%), SiO2, Al2O3, with subordi-
nate amounts of TiO2, P2O5, CaO and K2O originally formed on grain 
surfaces. Afterwards they were overgrown by isopachous (~ 5 μm) Fe-
dominated rims. Occasionally, a red cement with a composition analo-
gous to that of the pore lining domains is also found as a thin coating or 
tiny spots on loose sand-sized clasts (Figure 10c and 10d, respectively). 
Sample AND-2A 23.62 is a well-sorted medium- to coarse-grained 
sand (Figure 7e) whose components are the same as sample AND-2A 
23.20, with the addition of rare microcline and medium-grained sericit-
ized plagioclase, polycrystalline quartz, and low- to medium-grade met-
amorphic rock fragments. The fragments of this sand are rounded to 
subrounded indicating a significant degree of reworking.
The non-stratified volcanic breccias to pebbly mudstones of the 
upper part of LSU 1.3 were most likely emplaced by debris flows or 
possibly the basal traction carpet of turbidity currents given their ma-
trix supported and poorly sorted nature with soft sediment deforma-
tion at the base (e.g. Anderson et al., 1984). The normally graded, mod-
erate to well-sorted sands were likely deposited by turbidity currents. 
The poorly-sorted, weakly stratified pebbly mudstones/sandstones may 
have been deposited from coarse debris melting out of surface ice and 
minimally transported by downslope currents. See discussions by Sohn 
(1997), Mutti et al. (1999), Shanmugam (2000, 2002), Mutti et al. 
(2003), and Mohrig and Marr (2003) when referring to debris flows, 
sandy debris flows, high-density turbidity current, hyperconcentrated 
flow, granular flow and flowslides.
A volcanic sandstone occurs from 24.90 to 25.27  mbsf following 
several meters of drilling with 0% core recovery. It is grayish-black, 
well-sorted, medium-grained, and stratified at mm- to cm-scale, with 
a sharp lower contact. It contains subrounded to subangular monomin-
eralic and lithic clasts similar both in composition and relative abun-
dances to the two samples from the overlying sandstone, including oo-
liths (Figure 8e, sample AND-2A 24.98). It is noteworthy that glassy 
fragments found within this interval are subrounded.
The succession continues downward with a series of cm-scale layers of 
volcanic sandstone, siltstone and mudstone with dispersed coarser clasts 
and a volcanic granule breccia (interval 25.27–25.93 mbsf). In this in-
terval samples AND-2A 25.54 and 25.81 are a reddish fine sand and a 
medium sand, respectively, containing subrounded glassy granules (Figure 
4) and rare fragments of a red cement similar (based on optical proper-
ties) to that found in sample AND-2A 23.20. Remarkably, sample AND-
2A 25.81 contains ooliths with monocrystalline quartz or sideromelane 
nuclei (Figure 8f–g). Basal contacts of many of the coarser intervals are 
Figure 3. Modal compositional data of LSU 1 sand and sandstones plotted on: 
a) QFL diagram (Dickinson, 1985); b) ternary diagram where the end-mem-
ber lithic volcanic (Lv) compositions are: Lv glassy, Lv holocrystaline and Lv 
other (see Table 2 for a comprehensive list of the rock types grouped into each 
end-member).
Figure  4.  Pie-charts illustrating the modal composition of LSU 1 sands and 
sandstone. The most representative components are plotted.
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sharp and in some cases may be erosional. Most breccia units contain up 
to 1 cm-sized grains, with the coarsest grained interval containing cobble-
sized clasts. These coarser-grained intervals are olive-grey to grayish-black 
in color, and in some cases are faintly stratified and coarsen upward.
Interval 25.93–26.28  mbsf is characterized by pale olive to olive 
gray volcanic siltstone and medium sandstone with dispersed clasts. The 
two lithologies are interlaminated to thinly interbedded, generally at 
scales < 1 cm. Analyses indicate a composition comparable to those of 
the overlying sand layers with fresh sideromelane glass being the prevail-
ing clast type (Figure 4, samples AND-2A 25.95, 26.33).
Interbedded volcanic sandy breccia and volcanic sandy siltstone oc-
cur between 26.28 and 27.09 mbsf, the latter with abundant intrafor-
mational mudstone clasts. The sandy breccia forms 90% of this interval 
in cm-scale beds separated by laminations of siltstone. There is an over-
all coarsening upward trend from granule to pebble at the top.
Downcore, a 20 cm-thick asymmetric ripple cross-laminated fine-
grained volcanic sandstone, sample AND-2A 27.19, is composed 
of sideromelane and lava clasts and crystals (7–16%). Ripple sets are 
< 1 cm thick.
Next is a sandy volcanic breccia containing scoria lapilli (interval 
27.30–27.70 mbsf, AND-2A 27.65). An angular clast from the breccia 
(sample AND-2A 27.39) is a porphyritic lava, basanitic in composition 
(Figure 5), with normally- and reversely-zoned phenocrysts of clinopy-
roxene, minor bowlingitic olivine and a third phase that has been com-
pletely replaced by opaque minerals. The phenocrysts are set within a 
slightly hypocrystalline groundmass containing microlites of plagio-
clase, clinopyroxene and magnetite. The sandy breccia passes downward 
into a clast-supported pebble-breccia (interval 27.70–28.12 mbsf ) with 
clasts dominated by intraformational compacted volcanic sediments.
Interval 28.12–28.39 mbsf is a volcanic fine to very fine sandstone 
bedded at mm-to cm-scale including hummocky cross stratification 
(Figure  11), asymmetrical trough cross-lamination, and a 1  cm-thick 
bioturbated layer. The hummocky cross-stratification is composed of 
dark grey to black thin beds to lamina. The black beds (sample AND-
2A 28.21) are composed of tiny transparent glass shards. Beds/lamina 
of hummocks and swales cross-cut each other in erosive contact, and 
dip in opposing directions at ~10–15 degrees.
The core continues with a well sorted fine- to medium-grained vol-
Table 3. Whole rock major element composition (wt.%) of LSU1 lava clasts. DI: Juergens Island in Dailey Islands group. Errors are between 4–7%, 
2–4% and about 1% respectively, for abundances ranging from 0 to 1%, 1 to 10% and 10 to 65%. 
Sample AND-2A  AND-2A  AND-2A AND-2A AND-2A  AND-2A  AND-2A  AND-2A  AND-2A  AND-2A AND-2A DI 
 8.88a 8.88b  8.88c  10.22 10.79 11.94 12.23 18.03 18.63  18.69  27.39
LSU LSU1.1 LSU1.1 LSU1.1 LSU1.1 LSU1.2 LSU1.2 LSU1.2 LSU1.2 LSU1.2 LSU1.2 LSU1.3 2007
SiO2 55.74 59.54 49.28 45.48 43.41 44.21 47.44 47.10 44.66 45.69 42.21 43.43
TiO2 0.97 0.86 2.86 3.07 3.08 3.05 2.89 3.17 3.31 3.17 3.93 3.21
Al2O3 19.53 17.10 13.65 13.13 13.26 13.86 13.03 14.10 14.76 14.10 13.71 13.49
Fe2O3tot 5.62 4.75 9.99 12.37 12.47 11.99 11.30 11.51 11.37 11.28 12.15 12.55
MnO 0.20 0.18 0.13 0.20 0.20 0.20 0.19 0.19 0.20 0.19 0.17 0.19
MgO 0.90 0.79 4.57 8.98 9.58 8.83 8.29 6.00 5.86 5.95 8.57 9.41
CaO 2.80 2.53 10.51 10.27 10.49 10.35 9.52 10.42 11.06 10.50 11.23 11.09
Na2O 7.89 6.93 3.13 3.92 3.68 4.30 4.00 4.42 4.59 4.45 3.37 3.83
K2O 4.45 4.00 1.12 1.75 1.74 1.92 1.79 1.93 2.04 1.91 1.93 1.66
P2O5 0.35 0.30 0.49 0.72 0.70 0.74 0.67 0.71 0.79 0.72 0.91 0.61
LOI 1.38 2.04 4.35 0.46 1.29 1.09 0.70 1.30 1.09 0.73 2.13 0.14
Total 99.83 99.02 100.08 100.35 99.90 100.54 99.82 100.85 99.73 98.69 100.31 99.61
Table 4. Representative electron microprobe glass analyses of major element (wt.%). 22.81 h: hyaloclastite layer. Relative error: SiO2 0.80%, TiO2 
3.35%, Al2O3 0.75%, Fe2O3tot 1.37%, MnO 17.70%, CaO 1.20%, Na2O 1.6%, K2O 1.35%, P2O5 6.03%. 
Sample AND-2A 9.34 9.34 9.61 9.61 10.07 10.07 11.36 11.36 22.6 22.6 22.81 22.81 h
SiO2 43.66 44.25 45.27 55.01 44.98 44.80 43.22 44.97 48.02 43.71 44.16 45.24
TiO2 3.72 3.45 3.12 1.33 3.10 3.36 3.64 2.90 3.01 3.78 4.02 3.41
Al2O3 14.95 16.10 15.37 18.71 14.97 14.97 16.32 17.44 17.36 15.04 14.66 16.35
Fe2O3tot 11.38 11.24 11.88 5.85 11.72 12.00 11.45 12.41 9.15 10.28 10.30 11.19
MnO 0.18 0.20 0.23 0.23 0.16 0.14 0.28 0.26 0.22 0.16 0.19 0.17
MgO 5.66 4.42 5.68 1.03 6.49 6.40 4.43 2.75 3.47 5.82 5.74 4.20
CaO 12.19 9.74 11.88 2.48 11.99 11.93 10.84 8.02 8.39 13.00 13.02 10.33
Na2O 4.52 5.03 3.94 7.68 3.45 3.44 5.56 6.42 5.99 4.49 4.53 5.22
K2O 1.82 2.17 1.19 5.55 0.89 0.89 2.25 2.75 2.66 1.87 1.80 2.20
P2O5 0.79 0.95 0.53 0.34 0.37 0.39 1.09 1.32 0.88 0.83 0.80 0.94
Total 99.02 97.63 99.17 98.27 98.17 98.44 99.35 99.42 99.31 99.09 99.30 99.35
Sample AND-2A  23.2  23.2 23.62 23.62 25.54 25.54 27.19 27.19 30.42 30.42 30.91 30.91
SiO2 43.56 44.28 45.83 43.14 45.04 45.32 47.10 52.81 50.38 44.60 46.56 46.07
TiO2 4.07 6.20 3.06 3.98 3.64 3.86 3.33 1.99 2.06 3.54 3.70 3.82
Al2O3 14.56 13.85 16.49 15.57 16.05 16.06 15.55 17.06 17.94 16.04 16.54 16.35
Fe2O3tot 10.67 13.49 11.06 11.95 11.21 11.00 10.03 7.96 8.88 11.16 9.63 10.06
MnO 0.15 0.18 0.25 0.16 0.22 0.20 0.23 0.30 0.31 0.26 0.17 0.20
MgO 6.04 4.97 4.03 5.45 4.18 4.16 5.31 2.56 2.09 4.72 4.14 4.00
CaO 13.23 10.56 9.47 12.08 10.30 10.19 10.75 5.27 6.86 9.48 9.18 8.72
Na2O 3.94 3.05 5.65 4.61 5.33 5.22 4.49 6.45 6.26 4.60 5.46 5.35
K2O 1.61 1.71 2.42 1.95 2.28 2.32 1.89 3.62 3.08 2.22 2.54 2.56
P2O5 0.73 1.13 1.12 0.82 1.15 1.08 0.81 0.82 0.94 1.29 0.79 0.99
Total 98.64 99.62 99.55 99.74 99.56 99.56 99.54 98.95 98.91 98.04 98.85 98.25
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canic sandstone (AND-2A 28.55) yellowish and reddish in the upper 
20 cm, dark brownish grey in the remainder. The subrounded and com-
positionally heterogeneous grains are dominated by transparent glassy 
fragments of white and pale yellow color (Figure 5). Ooliths with cores 
of lava, quartz and sideromelane fragments occur as a minor component.
In summary, the upper middle part of LSU 1.3 contains poorly-
sorted sandy breccias or muddy sandstones, often in coarsening upward 
sequences, alternating with rippled sands and hummocky cross-stratifi-
Table 5. Laser step-heating 40Ar–39Ar data. Argon isotope concentrations are ×10−15 mol. Data corrected for post-irradiation decay, mass discrimination 
effects, isotopes derived from interference reactions and blanks. 
No.       Laser power (W)        36Ar(atm)       
37Ar(Ca)         
38Ar(Cl)           
39Ar(K)       
40Ar(Tot)       Age(Ma)       ± 2σ     
40Ar%   39ArK%     Ca/K     ± 2σ  
Dailey Island, groundmass, grain size 0.30–0.50 mm, 52.6 mg, irradiation PAV-65, J = 0.0001875 ± 0.0000010
1 0.20 0.08510 0.1952 0.00220 0.3238 27.14 2.1 1.1 7.4 1.1 1.14 0.18
2 0.50 0.2123 3.308          bdl 10.02 88.74 0.878 0.053 29.3 35.6 0.623 0.038
3a 0.70 0.05761 2.963 0.00455 5.419 29.87 0.802 0.051 42.9 19.2 1.032 0.061
4a 0.90 0.03461 2.319 0.00648 3.713 18.86 0.786 0.065 45.7 13.2 1.178 0.070
5a 1.2 0.03324 1.830 0.00675 3.185 16.79 0.739 0.078 41.4 11.3 1.084 0.064
6 1.5 0.03988 1.989 0.00853 2.368 16.56 0.682 0.049 28.8 8.4 1.585 0.094
7 1.9 0.04655 11.14 0.01055 2.150 18.04 0.674 0.061 23.7 7.6 9.77 0.56
8 2.5 0.01898 14.91 0.00433 0.6840 6.643 0.51 0.21 15.5 2.4 41.1 2.4
9 6.0 0.01123 18.91 0.00316 0.1677 3.501 0.37 0.83 5.2 0.6 213 14
10 15 0.01173 31.88 0.00338 0.1514 3.627 0.4 1.3 4.4 0.5 397 29
Total gas age       0.802 0.030    
Error-weighted mean  
     age, MSWD = 0.90       0.784 0.036  43.7  
Dailey Island, replicate, groundmass, grain size 0.30–0.50 mm, 41.2 mg, irradiation PAV–65, J = 0.0001875 ± 0.0000010
1 0.15 0.03429 0.06539 0.00145 0.08169 10.75 2.5 1.6 5.7 0.5 1.51 0.19
2 0.30 0.1040 0.6284 0.00081 1.743 35.57 0.94 0.10 13.6 10.3 0.680 0.043
3a 0.45 0.05098 1.297          bdl 3.963 24.39 0.796 0.035 38.2 23.5 0.618 0.037
4a 0.60 0.03235 1.669 0.00175 3.186 16.70 0.758 0.042 42.7 18.9 0.989 0.058
5a 0.80 0.01727 1.310 0.00365 2.085 9.870 0.773 0.064 48.2 12.3 1.186 0.070
6a 1.1 0.01669 1.240 0.00491 2.100 9.650 0.760 0.047 48.8 12.4 1.114 0.065
7 1.4 0.02765 1.688 0.00512 1.790 11.64 0.66 0.10 29.8 10.6 1.78 0.11
8 1.8 0.02447 4.846 0.00615 1.168 9.506 0.66 0.14 23.9 6.9 7.83 0.46
9 2.5 0.00960 6.152 0.00133 0.4342 3.596 0.59 0.30 21.1 2.6 26.7 1.6
10 6.0 0.01194 16.82 0.00264 0.2202 3.939 0.63 0.75 10.4 1.3 144.1 8.8
11 15 0.00888 25.10 0.00324 0.1261 2.844 0.6 1.8 7.7 0.7 375 25
Total gas age       0.771 0.031    
Error-weighted mean  
     age, MSWD = 0.84       0.775 0.022  67.1  
a. Data used in the error-weighted mean calculation. Errors on step ages are analytical errors, including in run statistics and uncertainties in the discrimination factor, 
interference corrections and procedural blanks. Errors on total gas and error-weighted mean ages also include uncertainties in the J value. bdl: below detection limit.
Figure 6. Photograph of ripple 
cross-laminated volcanic sands in 
the interval 9.02–9.86 mbsf.
Figure 5. Whole rock composition of LSU 1 lava clasts plotted on the Total Al-
kali versus Silica diagram (Le Bas et al., 1986). Samples from this work are la-
beled according to the sampling level in the AND-2A core (mbsf ). The com-
position of volcanic rocks from the Erebus Volcanic Province is plotted for 
comparison. Other units (46 samples) are: Franklin Island, Beaufort Island, 
Mount Bird, Mount Terror, Hut Point Peninsula, White Island, Black Island, 
Brown Peninsula, Minna Bluff, Mount Discovery, Royal Society Range, Taylor 
and Wright Valleys. Phonolite lava lake on Mount Erebus consists of 12 samples. 
Data from LeMasurier and Thomson (1990) and references therein, Kelly et al. 
(2008), Panter, unpublished data.
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cation. The hummocky cross-stratification is interpreted as deposited by 
oscillatory wave action, possibly combined with down slope turbidity cur-
rent flow, based on the erosive contacts between hummocks and swales 
(e.g. Myrow et al., 2002, 2008; Lamb et al., 2008; Mulder et al., 2009). 
Ooliths indicate shallow water derivation for some of the sediments.
A medium-grained volcanic sandstone was recovered as bagged ma-
terial from the interval 28.75–28.92 mbsf. This is followed by a coring 
gap of almost 1 m before more bagged material was recovered from the 
underlying interval at 29.56–30.18 mbsf. This contains a sandy volca-
nic breccia with polymict clasts, including volcanic rocks and pale grey 
sediment clasts.
A normally graded, olive grey to black, volcanic sandstone bed is 
present between 30.18 and 30.69 mbsf. The base of the deposit is char-
acterized by pebble- to cobble-sized intraformational clasts of volca-
nic siltstone. Sample AND-2A 30.42 is dominated by glassy fragments 
with minor amounts of crystalline volcanic clasts (Figure 4).
Two fine-grained volcanic sandstone units occur at 30.69–
30.86 mbsf and 30.86–31.27 mbsf. The upper sandstone is olive grey, 
normally graded with sparse laminae of grey medium-grained siltstone, 
and synsedimentary microfaults near the top and soft sediment de-
formation at the bottom. The lower sandstone unit is brownish-black 
with sparse laminae of medium grained volcanic sand. Sample AND-
Figure 7. From a to d back scattered electron (BSE) images showing components of: (a) sample AND-2A 9.34; (b) sample AND-2A 22.81 (c) sample AND-2A 23.20; 
(d) sample AND-2A 30.91. From e to h SEM images of (e) sample AND-2A 23.82; (f ) sample AND-2A 30.91; (g) vesicular sideromelane clast in sample AND-2A 
30.91; (h) Pele’s hair fragment in sample AND-2A 30.91.
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2A 30.91 from the lower sandstone is almost completely (75%) com-
posed of well vesicular, transparent sideromelane clasts with microlites 
of clinopyroxene and plagioclase, and Pele’s hair (Figure 4; Figure 7d & 
7f–h). This sample also contains ooliths with cores of lava, quartz and 
sideromelane fragments.
In summary, the lower middle part of LSU 1.3 contains both sandy 
breccia, probably deposited by debris flow, and fining up rippled sand lay-
ers, some with soft sediment deformation. These were most likely depos-
ited as turbidites. Again, volcanic glass indicates variable reworking and 
the presence of ooliths indicates derivation from a shallow water source.
There is a coring gap of almost 4 m until the recovery of a unit of 
asymmetrically rippled, olive grey, volcanic fine sandstone with dispersed 
granules from interval 34.88–35.07. Ripples occur in 2–3 cm thick sets 
and microfaulting is present. This is followed by a muddy fine volcanic 
sandstone coarsening up to dispersed granules and pebbles at the top.
There is another gap of several meters filled by bagged material of 
volcanic fine sandstone. A grey massive sandstone occurs near the base 
of LSU 1.3 (36.34 mbsf ). The components of this sandstone are dom-
inated by basaltic glass (AND-2A 36.32) in the form of cuspate shards 
(< 0.1 mm) and vesicular sideromelane grains that vary from fresh to 
altered (palagonitized). Lithic clasts are scoria with plagioclase crystals 
and large vesicles. Probable volcanic-derived crystals include euhedral 
plagioclase, olivine, clinopyroxene and amphibole. Minor quartz along 
with trace amounts of biotite, chlorite, muscovite and a single granitoid 
lithic are present.
The succession continues downward with a black and whitish fine-
grained, asymmetric ripple cross-laminated sandstone unit (36.38–
36.85 mbsf ). Sediments are almost entirely composed of tiny transpar-
ent dense fragments of glass with angular shapes (shards-bubble walls: 
sample AND-2A 36.62; Figure 12). The sandstone is underlain by a 
volcanic fine sandy mudstone with dispersed clasts with crude planar 
lamination at mm-scale. It is locally bioturbated, possibly by Planolites, 
indicating that the local environment was relatively clear water and not 
sediment clogged.
Underlying this is another rippled volcanic fine sandstone (AND-2A 
37.07) in sharp contact with the underlying clast-rich, sandy diamictite 
of LSU 2 at 37.07 mbsf. The latter is the uppermost diamictite encoun-
tered in the core.
The basal part of LSU 1.3 is dominated by asymmetric rippled vol-
canic sandstones. These are again mainly composed of relatively fresh 
glass shards of near primary source deposited by turbidity currents.
4.2. Volcanic rock and glass chemistry
Most of the lava clasts from LSU 1 are mafic and silica-undersaturated 
(normative nepheline, ne = 7–16 wt.%, Table 3). Whole rock composi-
tions vary from basanite (AND-2A 10.22) to tephrite and hawaiite and 
form a broad cluster on the total alkali versus silica plot (Figure 5). This 
clustering suggests that, despite the differences in textures and ages (see 
below), the lava clasts were derived from genetically related magmas that 
are comparable to other mafic lavas within the Erebus Volcanic Province. 
It is worth noting that these mafic clasts show a variable affinity, ranging 
from moderately alkaline to strongly alkaline (Figure 5).
The first material recovered by drilling comprised unconsolidated sed-
iments (bagged samples), including three lava clasts whose mineralogic as-
semblages and compositions differ significantly from each other. Samples 
AND-2A 8.88a and AND-2A 8.88b include large anorthoclase feldspar 
containing abundant glass inclusions. The clasts have evolved alkaline 
compositions and are classified as ne-normative (16 wt.%) phonolite and 
a ne-normative (12 wt.%) trachyte (Table 3, Figure 5). Sample AND-2A 
8.88c is a subalkaline basalt/basaltic andesite, which is a distinctive com-
position relative to all other clasts that were analyzed from LSU 1.
Samples 8.88a and 8.88b are comparable to the known composi-
tions from Mt. Erebus and also with other evolved volcanoes to the 
south (Mason Spur and proto-Mt. Morning) whereas sample 8.88c is 
unlike any other composition from the Erebus Volcanic Province, and 
might represent a product of Jurassic Ferrar subalkaline volcanism (El-
liot et al., 1999). Compositional diversity of clasts in these unconsoli-
Figure 8. Photomicrographs of ooliths from LSU 1 with a nucleus of: a) two angular vesicular sideromelane fragments (sample AND-2A 9.34, left and top-center of 
picture), plane polarized reflected light (PPRL); b) same as previous, plane polarized light (PPL); c) a subangular glassy fragment (sample AND-2A 9.61), PPRL; d) 
same as previous, crossed polarized light (CPL); e) a tachylite clast (sample AND-2A 24.98), CPL; (f ) an angular quartz fragment, (sample AND-2A 25.81), BSE im-
age; g) a sideromelane grain, (sample AND-2A 25.81) BSE image. h) Oolith in which a nucleus is not visible, CPL. Note: i) the concentric pattern of the oolith coat-
ings (d, e, h); ii) vesicle walls and convex shapes preserved in ooliths with glassy cores (a, g), ruling out a prolongate transport of these fragments from their place of ori-
gin to the shallow water environment where the ooliths formed.
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dated bagged samples from the top of the drill hole supports their re-
cent deposition on the modern day seafloor by glacial drift; they are 
therefore not part of LSU 1 volcanoclastic sequence.
Glass fragments represent the most abundant component in the 
LSU 1 sediments. Glass occurs in a variety of types from transparent 
to colored sideromelane with or without crystals to tachylite, and also 
shows a wide range in vesicularity from dense shards to frothy frag-
ments (40–70% vesicles by volume). We selected a wide spectrum of 
glass types for analysis and discarded altered fragments. Table 4 summa-
rizes the major element composition of representative glass from LSU 1. 
The sums of the oxides are high (97–99 wt.%) indicating that the glass 
has not been significantly hydrated.
Compositions of LSU 1.1 glass range from alkali basalt to tephrite 
(Figure 13a ). The glass in each sample is not homogeneous, indicat-
ing that it was not produced by a single eruptive pulse. However, be-
cause each sample has the same overall range in composition it is likely 
that they represent mixtures from the same sources. Glass compositions 
 
 
 
 
 
 
 
 
in sample AND-2A 11.36 from the volcanic breccia in LSU 1.2 are ho-
mogeneous falling in the tephrite field, and show a slightly higher al-
kali content with respect to the other analyzed samples (Figure 13a). 
Also, most of the volcanic sediments in LSU 1.3 also show heteroge-
neous glass compositions for individual samples, ranging from tephrite 
to tephriphonolite. However, three samples collected from separate de-
posits of volcanic sand (AND-2A 22.81 hyaloclastite, AND-2A 25.54 
and AND-2A 30.91) display homogeneous tephrite compositions (Fig-
ure 13b and c).
Figure  9.  Photograph of black monomictic volcanic breccia (interval 11.65–
12.04 mbsf ), clast-supported, composed of angular and sub-angular cm-sized ve-
sicular lava clasts and glassy micro-vesicular fragments.
Figure 10. Sample AND-2A 23.30. a) Photomicrograph of the red cement par-
tially consolidating the volcanic sand, PPL; b) detail of the white-framed inset 
of a), BSE image, showing the lobate pore filling domains (crosses) composed of 
FeO 50–70%, SiO2 15–30%, Al2O3 5–10% and TiO2 2–5%, with a subordi-
nate content of P2O5, CaO and K2O 1–3%, overgrown by isopachous (~ 5 μm) 
rims (circles) whose composition is dominated by FeO ~ 90%, with subordinate 
SiO2 up to 10% and minor Al2O3 1–2%; c) photograph of a quartz grain spot-
ted with the red cement; d) loose sand clast coated with a cement analogous in 
composition to that of the pore filling domains (crosses of b), BSE image.
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4.3. Dailey Islands
A lava flow sample was collected for this study from the steep south-
eastern slope of Juergens Island (77°53'06"S, 165°01'58.8"E, at about 
70 m asl) to compare with LSU 1 as a potential source for the clasts. The 
sample is a black vesicular lava with ~ 20 vol.% phenocrysts of euhedral 
skeletal olivine and zoned clinopyroxene (pale core grading to brown 
rim). The groundmass is holocrystalline and made of clinopyroxene and 
plagioclase microlites, abundant euhedral magnetite and minor olivine. 
This lava is a ne-normative (15 wt.%) basanite (Table 3) and is compara-
ble to the most basic lava clasts and glass found in LSU 1, as well as other 
mafic compositions of the Erebus Volcanic Province (Figure 5).
Groundmass separated from this sample was dated by the 40Ar–39Ar 
laser step-heating technique. The results are listed in Table 5 and presented 
as age spectra in Figure 14. A first run on a few tens of milligrams of sam-
ple-separate gave a discordant age profile, with a descending shape. Three 
consecutive steps from the intermediate temperature region and repre-
senting ~ 44% of the total 39ArK released, define a concordant segment 
(MSWD = 0.90) yielding an error-weighted mean age of 784 ± 36 ka, 
overlapping within error with the total gas age (802 ± 30 ka). A second 
step-heating run was performed on the same groundmass separate using a 
higher-resolution heating schedule, in order to better resolve the concor-
dant segment. In the replicate analysis, the concordant segment is defined 
by four consecutive steps, representing ~ 67% of the total 39ArK released 
and yielding an error-weighted mean age of 775 ± 22 ka (Figure 14). The 
775 ± 22 ka age, which is taken as the best estimate for the time of ex-
trusion of the studied sample, is in excellent agreement with the age ob-
tained by Tauxe et al. (2004) and also compares with those obtained for 
two volcanic clasts from LSU 1 from the 10.22–12.41 interval (Di Vin-
cenzo et al., submitted).
5. Local paleogeography–paleoenvironment
Paleoenvironmental reconstructions in the southwestern Ross Sea 
area and their link with both the tectonic evolution of the southern Vic-
toria Land Basin and recent volcanic activity are discussed in the light 
of the results presented. The composition of the volcaniclastic materi-
als is used to draw indications about the nature of the volcanic source 
and its possible location with respect to the basin. The most significant 
results and the implications discussed in this section are summarized 
Figure 11. Photograph of bedded at mm-to cm-scale volcanic fine to very fine 
sandstone (interval 28.12–28.39  mbsf ) including possible hummocky cross 
stratification and a 1 cm-thick bioturbated layer. In this interval the black beds 
are composed of tiny transparent glass shards. Arrows indicate low angle, cross-
cutting contacts indicative of erosion in classic oscillatory flow producing hum-
mocky cross-stratification.
Figure 12. a) Photograph of ripple cross-laminated volcanic 
sands from interval 36.32–36.85 mbsf composed almost en-
tirely of volcanic glass shards; b) photomicrograph of sample 
AND2-2A 36.32 at 10× magnification, field of view 2 mm; 
c) magnification of b) showing the cuspate Y-shape of the 
glass shards.
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in Figure 15 as a sketch block diagram and a composite cartoon which 
illustrates the overall paleoenvironmental and tectonic setting inferred 
from the sedimentation interval of AND-2A LSU 1.
5.1. Evidence for local volcanic sources
The sand-sized deposits of the LSU 1 are dominated by lithic com-
ponents as shown in the QFL diagram (Dickinson, 1985; Figure 3a) 
and all samples plot in the litharenite field according to the sand-
stone classification by Pettijohn et al. (1987). The volcanic compo-
nents within each sample are dominated by lithic fragments (Table 2), 
with glassy fragments the most abundant (Lv glassy, Figure 3b). Volca-
nic lithics also include holocrystalline lava clasts. Amphibole, pyroxene 
and olivine, the main mafic phases, occur as loose single crystal grains 
as well as phenocrysts in lava clasts within the same sample (e.g. sample 
AND-2A 10.07). Loose single crystals of plagioclase in many cases have 
similar textural and optical characteristics as coexisting plagioclase phe-
nocrysts present in lava clasts, indicating the same or similar intraba-
sinal volcanic sources.
With the exception of LSU 1, all other lithostratigraphic units of 
the AND-2A core show a greater variety of volcanic compositions and 
basement lithologies (Panter et al., 2008).
Non-volcanic components occur throughout LSU 1 in minor 
amounts. The quartz (mostly monocrystalline, rarely polycrystalline), 
some of the plagioclase and rare K-feldspar are likely derived from gran-
itoid sources, and hence are probably extrabasinal in origin. Low- and 
medium-grade metamorphic rock fragments (along with trace amounts 
of biotite, chlorite, and muscovite) are rare, with the exception of sam-
ple AND-2A 23.62, in which the contribution from a crystalline base-
ment is larger. The overall scarcity of extrabasinal terrigenous detritus, 
in both the sandy fraction and large clasts, indicate that LSU 1 sed-
iments mainly derive from the Cenozoic volcanic activity within the 
southern Victoria Land basin rather than from erosion of the Transant-
arctic Mountains. The paucity of extrabasinal sediments suggests a sig-
nificant decrease in extrabasinal erosional activity in the area during the 
middle-late Pleistocene, perhaps because the area was covered by gla-
ciers frozen to their base (Figure 15).
A significant amount of aeolian sediment deposited on the sea-
ice around the drill-site has been documented by Atkins and Dunbar 
(2009) and consists of clay-sized to very coarse sand-sized particles that 
include highly angular volcanic grains, as well as well-rounded quartz 
grains. Larger clasts, including lava blocks, are present in areas of dirty 
ice on the McMurdo Ice Shelf (Figure 1b). In accordance with the find-
ings of Atkins and Dunbar (2009), some of the quartz grains and other 
fine-grained non-volcanic components in LSU 1 might be from aeolian 
sediments originally deposited on sea ice.
On the basis of petrochemical analyses, most of the volcanic ma-
terials have mafic alkaline compositions ranging from basanite–teph-
rite to hawaiite, except the lava clasts in the topmost bagged samples, 
which are more evolved (phonolite and trachyte). All the analyzed ma-
terials from LSU 1, with the exception of one sample AND-2A 8.88c. 
fall within the compositional field of the Erebus Volcanic Province (Fig-
ure 5 and Figure 13), indicating their source from volcanic centers of 
the McMurdo Sound area.
To constrain the age of LSU 1, groundmass separates from two 
mafic lava samples (10.22–10.44 and 12.23–12.41 mbsf) were analyzed 
by the 40Ar–39Ar laser step-heating technique (Di Vincenzo et al., sub-
mitted) yielding a plateau age of 692 ± 38 ka and a mini-plateau age of 
793 ± 63 ka (± 2σ internal errors), respectively. Results therefore suggest 
that the LSU 1, at least down to ~ 12.4 mbsf and possibly to ~ 16 mbsf, 
is younger than 1 Ma. Di Vincenzo et al. (submitted) also report much 
older total fusion ages of ~ 16.1 to ~ 9.5 Ma for mafic lava clasts from 
the 18.03–18.25 and 18.69–18.73-mbsf intervals, respectively. In light of 
possible provenance (Di Vincenzo et al., submitted), these data suggest 
that older clasts were transported and reworked before final deposition.
Volcanic deposits of similar age and composition to LSU 1 are 
found as cinder cones and lava flows scattered throughout the Erebus 
Volcanic Province (Kyle, 1990; Lawrence et al., 2009], and references 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Electron microprobe composition of glasses found as LSU 1 clasts 
plotted on the Total Alkali versus Silica diagram (Le Bas et al., 1986). a) LSU 1.1 
and LSU 1.2 samples; b and c) LSU 1.3 samples.
Upper lithostratigraphic unit of ANDRILL AND-2A core, Southern McMurdo Sound  157
therein). Most of these deposits are more than 50 km from the drill-site 
and some are significantly above sea-level. Weathering and erosion of 
this material into the basin by mass flow mechanisms, ice transport or 
ocean currents would significantly modify volcanic fragments and the 
deposits should contain a greater diversity of compositions as well as a 
higher proportion of non-volcanic products. Therefore, they do not rep-
resent suitable sources for LSU 1 deposits.
Alternatively, the similarity in composition between the lava clasts re-
covered from LSU 1 and the lava sampled on Juergens Island lends sup-
port to the idea that the Dailey Islands, which are located approximately 
13 km to the south–southwest of the SMS drill-site (Figure 1a), could 
have been the main source of volcanic material in LSU 1. One possibil-
ity is that the volcanic material was transported from the Dailey Islands 
on top of sea-ice and then released into the water column to sink to the 
seafloor at the drill-site during sea-ice melting. However, this is unlikely 
given that there are no large dropstones and that delicate bedding struc-
tures in poorly indurated sediments are preserved in top-up stratigraphic 
position, which surely would have been destroyed during ice transport 
and settling to the seafloor. It is also likely that the components of ice-
rafted sediments would show greater heterogeneity in rock types, includ-
ing a greater range in the composition of volcanic material.
Morphoscopic analysis of clasts in volcanic sands reveal shapes rang-
ing from angular to rounded, indicating different degrees of reworking. 
Not surprisingly, the sand units that show the greatest effects of rework-
ing have a more heterogeneous composition and higher amounts of 
terrigenous material (e.g. sample AND-2A 23.62). Only a single layer 
(AND-2A 30.91) shows features of a near primary pyroclastic deposit. 
The tephra is mainly composed of highly vesicular sideromelane clasts 
with irregular and delicate shapes (e.g., Pele’s hair), indicating minimal 
reworking of a primary fall deposit. Furthermore, the homogeneous 
tephrite composition of the glass (Figure 13c) lends support to an or-
igin from a single eruption. This differs from most of the sand layers 
which show heterogeneous glass compositions (Figure 13a, b, and c), 
indicating a mixture of magma sources following similar evolutionary 
lineages, possible from several eruptions from the same vent or several 
vents within a single volcanic field.
As a conclusion, we infer that the volcanoclastic sediments in LSU 
1 were deposited from volcanic activity near the AND-2A drill-site. A 
bathymetric study of McMurdo Sound by Barrett et al. (1983) revealed 
five submarine peaks that rise to depths between 100 and 200  mbsl 
along the edge of the McMurdo Ice Shelf (locations shown in Figure 1b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
that are interpreted to be volcanic cones. Three of the submarine peaks 
are within about 8 km of the SMS drill-site. Moreover, aeromagnetic 
surveys indicate that the magnetic high that corresponds to the Ceno-
zoic volcanic deposits of the Dailey Island group also encompass the 
area around the drill-site (Chiappini et al., 2002). We propose that the 
Dailey Island volcanic field is much larger than the area encompassed 
by the islands and extends to the north to include unmapped volcanic 
vents within the immediate vicinity of the drill-site.
5.2. Evidence for eruptive style
Volcanic material of LSU 1 occurs mainly as dense or vesicular glass 
fragments and lava clasts. Glass fragments range from blocky and cus-
pate shards to vesicular sideromelane clasts. The glass occurs in a variety 
of types of sideromelane or tachylite with a wide range in vesicularity, 
from dense shards to frothy fragments. Highly vesicular glass indicates 
fragmentation dominated by exsolution and expansion of magmatic 
gas, whereas blocky and less vesicular glass is indicative of fragmen-
tation dominated by quench processes (Fisher and Schmincke, 1984; 
Heiken and Wohletz, 1985; Morrissey et al., 2000). Clast morphology 
and vesicularity support an interpretation for their formation under a 
diverse range of fragmentation processes consistent with a transitional 
environment including subaerial and shallow water conditions.
Typical subaerial eruptions that produce pyroclasts similar to those 
found in LSU 1 are Strombolian and Hawaiian type, which are charac-
terized by mildly basaltic explosive activity. Strombolian eruptions pro-
duce discharge of discrete magma bursts releasing magmatic volatiles and 
produce significant amounts of pyroclasts. Hawaiian eruptions are sim-
ilar to Strombolian but the bursts of released magmatic volatiles sustain 
continuous lava fountains (Vergniolle and Mangan, 2000). Pyroclasts 
produced during Strombolian activity range from variably vesicular sco-
ria fragments to very fluidal (tachylite and sideromelane) fragments. The 
ash formed during fire-fountaining is carried downwind from the top 
of the eruptive jet. These particles chill quickly into small glassy black 
spheres or teardrop shapes called Pele’s tears. The teardrop shapes are 
sometimes drawn out as long filaments by gas, the tails of which can 
break off to produce Pele’s hair (Figure 7h, AND-2A 30.91). The ejecta 
have a limited dispersal, usually within a few kilometers from the vent. 
Lava effusion and rootless lava flows accompany these activities.
The presence of some hyaloclastite deposits at different levels in 
LSU 1 (Table 1) formed of angular, vesicle-free glass shards is typical 
of magma–water interaction in subaqueous eruptions (Morrissey et al., 
2000). The presence of both vesicular and dense fragments in some lay-
ers may indicate emergent eruptions from a vent or fissure very close to 
sea level. In such an environment, magma fragmentation occurs by in-
teraction with seawater and/or by exsolution of volatiles (i.e. Surtseyan 
type eruptions; White and Houghton, 2000 and references therein).
5.3. Evidence for shallow water depths from sedimentary features
A striking feature of the LSU 1 clastic record is the occurrence of oo-
liths that, although minor in terms of abundance with respect to other 
components, are found within the whole LSU 1 deposits (Figure 8a–
h). They are characterized by an internally layered coating (for which 
a silicate composition is inferred on the basis of optical properties and 
shape) around a core of quartz, as well as around angular fragments of 
lava, tachylite, colorless glass or sideromelane. It is noteworthy that these 
core fragment types are the same as those of the sand in which the oo-
liths are found, indicating an intrabasinal origin for the ooliths. Addition-
ally, some of the glass-cored fragments have highly irregular shapes and 
preserve primary features such as fragile vesicle walls, ruling out a pro-
longed period of transport and reworking. The concentric pattern within 
the coating material and the subspherical shape of the ooliths (irrespective 
of the original, often irregular morphology of the core fragment) point 
to a genesis in a shallow marine environment, in analogy with the mod-
ern carbonate ooliths, for which a formation in a shallow-water environ-
Figure 14. Age release and K/Ca spectra of groundmass from the Dailey Islands 
sample.
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ment is generally accepted in the literature (Flügel, 2004 and references 
therein). Most modern ooliths form in shallow waters which are regularly 
agitated over a long period of time by waves and/or currents (high-energy 
ooliths, typically characterized by concentric laminae of tangentially ar-
ranged crystals). Ooliths may also form in marginal-marine or non-ma-
rine shallow water low energy settings (quiet-water ooliths, for which ra-
dial or radial-fibrous patterns are common).
Alternatively, these unusual grains might be interpreted as accre-
tionary/armored lapilli formed during hydrovolcanic eruptions. How-
ever, this hypothesis is not likely due to the following observations: i) 
quartz grains, for which an extrabasinal origin is likely, constitute the 
core of a relevant percentage of the LSU 1 ooliths; ii) the ash plaster-
ing around a crystal, pumice or lithic fragment during eruptions usually 
forms an isopachous rind that mimics the shape of the core (Fisher and 
Schmincke, 1984, Figure 5.5; Schmincke, 2004, Figure 10.12), which 
is inconsistent with the irregular thickness of the oolith coatings in LSU 
1; iii) if they were armored lapilli, the fine crystalline coating would rep-
resent devitrified (recrystallized) ash, however many of the core frag-
ments are composed of fresh glass (in sharp contact with the coating) 
and it is likely that they would also be partially if not wholly devitrified; 
iv) the largest crystals within the coating commonly exhibit unbroken 
elongate shapes whereas irregular shard-like shapes typical of ash coat-
ing in armored lapilli were not observed; v) armored lapilli often oc-
cur as layers in hydroclastic deposits (Fisher and Schmincke, 1984) and 
their preservation as isolated grains would be unusual.
Another significant feature, although of limited occurrence in LSU 
1, is a siderite layer identified at the transition between a vitroclastic 
deposit and a volcanic sandstone (LSU 1.3 at 22.81 mbsf ). Siderite is 
most commonly found in non-marine sediments due to the high-car-
bonate and low-sulfide activity necessary for its precipitation. It may 
also originate in marine ironstones mostly as a later diagenetic cement 
(Tucker, 2001), but this was not seen elsewhere in the core and is con-
sidered less likely.
Some reddish, oxidized layers are found in the lower part of LSU 1, 
such as the volcanic sandstone bed at 23.04–23.70 mbsf, which is char-
acterized by a reddish upper portion. Here, the red color is due to a lo-
bate pore-lining cement, iron-rich and variably enriched in other ele-
ments (Si, Al, Ti and minor P, Ca and K; Figure 10a) and amorphous 
Figure 15. Sketch block dia-
gram (a) and a composite car-
toon (b) illustrating the overall 
paleoenvironmental and tec-
tonic setting for the McMurdo 
Sound area during the Pleisto-
cene time as inferred on the ba-
sis of LSU 1 data. Faults re-
drawn after Paulsen and Wilson 
(2009).
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according to XRD analysis. Given the occurrence of Fe-dominated iso-
pachous rims (FeO% ≈ 90 wt.%) growing on the Fe-rich pore-lining 
lobes (Figure 10b), and of Fe-ooliths with an outer shell of the same 
composition as the cement (Figure 10c), a multi-stage process of pre-
cipitation from a Fe-rich fluid in a shallow water environment can be 
inferred. Ooliths made of iron minerals (e.g. alternating hematite and 
chamosite) are a common feature of Phanerozoic ironstones and indi-
cate shallow agitated waters, such as those of Ordovician western Eu-
rope developed on marine shelves during phases of sediment starvation 
at times of relative sea-level rise (Tucker, 2001). Ooliths composed of 
amorphous iron oxides and/or hydroxides with admixed silica are re-
ported from a modern shallow-marine volcanic setting, and they are in-
terpreted as accretionary bodies formed after direct precipitation (rather 
than mechanical accretion) from iron- and silica-rich exhalative fluids 
rising up through the substrate (Heikoop et al., 1996). Sturesson et al. 
(2000) also suggest a genetic process in close association with active vol-
canism for the Ordovician iron ooids in northern Europe. We propose 
that the alteration of volcanic ash and lavas, which is capable of supply-
ing considerable amounts of iron, was the major source of iron for the 
pore-lining cement and Fe-ooliths in LSU 1 sediments, and that the lat-
ter formed in a shallow water environment.
In summary, the occurrence of ooliths throughout the whole LSU 1, 
including layers containing siderite, Fe-rich cement and Fe-ooliths, along 
with the occurrence of shallow water diatoms (Paralia sulcata and a single 
fragment of Cocconeis fasciolata found in the interval 0–44.06 mbsf, Tavi-
ani et al., 2008) indicate that sediments for the whole of LSU 1 were de-
posited in shallow waters agitated by waves. One important implication 
for this conclusion is that sea-ice cover in this area could not have been 
present year-round, as to allow (almost) primary deposition of volcano-
genic materials and significant wave motion.
5.4. Evidence for shallow water depths from other sedimentary 
structures
As for the LSU 1 sedimentary facies, the successions are character-
ized by intervals of asymmetrically rippled glass-rich moderately- to 
well-sorted volcanic sands and sandstones (e.g. 9.02–9.86, 24.90–25.27 
and 36.65–36.85  mbsf ) and poorly-sorted sandy breccias to pebbly 
sandstones and mudstones, ranging from massive to coarsening-up or 
fining-up. These structures indicate different depositional processes, 
some of which are diagnostic of a shallow shelf environment.
The more poorly-sorted, massive to coarsening or fining up depos-
its were laid down by mass flows ranging from more viscous sub-marine 
debris flows to less viscous turbidity currents (e.g. Sohn, 1997; Mutti 
et al., 1999; Shanmugam, 2000, 2002; Mutti et al., 2003; Mohrig and 
Marr, 2003). It is common for these currents, in submarine settings, to 
be thin but widespread. They are also extremely common in volcanic 
settings given the episodic but abundant supply of sediment (Schnei-
der et al., 2001). Compositionally, these beds show the widest range 
in clast types and are more likely to contain basement materials. These 
were very likely brought in by aeolian processes to the sea ice surface 
(Atkins and Dunbar, 2009), deposited when melted and then mixed by 
the sediment gravity flows with the more proximal volcanic sediment.
The rippled sands and hummocky cross-stratification are more di-
agnostic of water depth and, in this case, have been interpreted to have 
formed at shallow to mid-shelf depths. The ripple cross-laminations are 
asymmetrical indicating deposition by current, but are not part of fin-
ing upward Bouma sequences typical of turbidites (Figure 12). There-
fore, we interpret deposition by a current, rather than by wave oscilla-
tions, probably in currents generated by storm set up conditions. The 
hummocky cross-stratification is comprised of cross-cutting hummocks 
and swales with clear erosive contacts (Figure 11). These are more sim-
ilar to true oscillatory wave-generated bedforms from shallow marine 
shelf depths, possibly combined with unidirectional flow of turbidite 
currents (e.g. Myrow et al., 2002, 2008; Lamb et al., 2008) than the an-
tidune forms that can occur in deeper water turbidites (e.g. Mulder et 
al., 2009). The ripple cross-lamination and hummocky cross-stratifica-
tion structures occur intermittently within the deposit indicating that 
water depths were not shallow enough to be affected by daily wave ac-
tivity but are in water depths above storm wave base in the basin, possi-
bly the deeper side of storm wave base.
Their composition generally tends to be more glass-rich, possibly re-
flecting either a lighter, more easily stirred size fraction, or else sediment 
influxes from local eruptions leaving little else to be reworked by the 
waves. Waves are effective at stirring up sediment from the sea floor, but 
are ineffective at lateral transport unless combined with currents from 
tides or storm set up (Allen, 1997). The availability of lighter, abundant 
grains to be transported would affect the distribution of the sedimen-
tary structures.
Calculating the depth of the storm wave base depends on the scale 
of the storms, the latitude of the deposits, local bathymetry, and lo-
cal currents. The transition from wave transport to deeper water geo-
strophic currents should be expected in < 100 m water depth (Allen, 
1997). However, sea-ice has a damping effect on wave generation (But-
ler, 1999) limiting wave generation to open water conditions. Multi-
ple reflection from changes in sea-ice thickness attenuates the transmis-
sion of waves generated in open water waves into an area covered by 
sea-ice except for very long period waves (Squire, 2007; Squire and Wil-
liams, 2008). Modern currents in McMurdo Sound near the drill-site 
were not measured, but were modeled based on nearby data (Jacobs, 
1989; Limeburner et al., in press). They were of limited velocity, and no 
effects from currents were observed during the drilling process (Falconer 
et al., 2008). Thus, the infrequency of rippled and hummocky cross-
stratified sandstones may be due to limited open water conditions, or 
else significantly shallower depths with storm waves generated in nearby 
open water propagated through the sea-ice stirring up the sea floor sed-
iments. Another possibility is that a local eruption caused blanketing of 
the sea-ice with volcanic material, which accelerated melting to form 
small ephemeral areas of open water. This may explain why the rippled 
sands tend to be more glass-rich. The overall conclusion here is that 
LSU 1 was deposited in water that was probably significantly shallower 
than 100 m, and not too far from several volcanic vents.
6. Implications for subsidence history of the southern Victoria 
Land Basin
The AND-2A site is located at the southernmost end of the Vic-
toria Land Basin. Evidence for shallow water sedimentation is pre-
sented in this paper for the entire thickness of LSU 1. Furthermore, 
the lithostratigraphic units lying beneath LSU 1 were also deposited in 
shallow water conditions (Fielding et al., 2008b). These results contrast 
strikingly with the present water depth at the drill-site (close to 400 m), 
which lead us to infer a rapid recent basin subsidence of almost 300 m, 
after deposition of LSU 1.
To reconcile these contrasting pieces of evidence, deep incision by 
the Koettlitz Glacier during the last glacial maximum could be invoked. 
However, this explanation is unlikely given that large parts of the Dai-
ley Islands are still uneroded and the subaerial and nearshore marine sed-
iments from LSU 1 would have been removed rather than preserved. An-
other alternative possibility is represented by the volcanic loading either 
by the local Dailey Islands or by Mt. Erebus, yet the Dailey Islands are 
too small and too far from the drill-site to cause significant subsidence. 
Mt. Erebus seems more likely, but seismic reflection profiles show that 
the SMS drill-site lies several kilometers beyond the Erebus moat (Field-
ing et al., 2008a). A third possibility is to invoke large scale transport of 
LSU 1 as a single block by glacial ice or atop sea-ice. This process is also 
unlikely, given the good preservation of fragile sedimentary structures in 
top-up stratigraphic position. Furthermore, other shallow water deposits 
are found immediately underlying LSU 1 (Fielding et al., 2008b).
The deepening of the basin linked to very recent tectonic subsid-
ence appears to be the most likely explanation. As a speculation, sub-
sidence could be controlled by faults in the Discovery Accommodation 
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Zone (Wilson, 1995, 1999), a Late Cenozoic transverse zone that coin-
cides with a prominent offset of the Transantarctic Mountains rift flank 
and the voluminous volcanism of the Erebus Volcanic Province (Fig-
ure 15). In this overall framework, Pleistocene activity of the faults in-
tersecting the Mt. Morning area might have been responsible for sup-
plying the large lava clasts found between 18 and 19 mbsf and dated at 
16.1 and 9.5 Ma. Therefore, the Ross Ice Shelf could not have been sta-
ble until recently, to allow clast discharge in the uppermost sedimentary 
unit (LSU 1) in the southernmost part of the basin.
Although seismic studies do not show unequivocal evidence for 
large-scale faulting in the immediate vicinity of the SMS drill-site 
(Stern, 1984; Fielding et al., 2008a), Pliocene–Pleistocene age fault-
ing has been recently documented in the Terror Rift (Hall et al., 2007; 
Henrys et al., 2007), including normal faults that cut Pleistocene strata 
in the AND-2A (Paulsen et al., 2008) and AND-1B cores (Wilson et 
al., 2007). Paulsen and Wilson (2009) combine this information with 
their study of the structure and age of volcanic fissures on Mount 
Morning to suggest that a normal-fault to strike-slip fault regime could 
be active today. While further speculation on the specific mechanism 
for subsidence is beyond the scope of this paper, it is evident from our 
findings that an active field of shallow volcanic seamounts and islands 
must have been present in close proximity to the drill-site. Further-
more, based on the similarity in compositions and age, as well as find-
ings from bathymetric (Barrett et al., 1983) and aeromagnetic (Chiap-
pini et al., 2002) surveys, this field most likely represents a northern 
extension of the same activity that formed the Dailey Islands. In this 
scenario, the stabilization of the ice shelf could then be related to the 
build-up of the Dailey Islands, which were acting as pinning points for 
continental ice flowing into the Ross Sea. The shelf in turn is shielding 
Dailey Islands from wave erosion, helping these small volcanic islands 
to survive to the present.
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